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Edited by Hans EklundAbstract Tetrahydrodipicolinate N-succinyltransferase is an
enzyme present in many bacteria that catalyzes the ﬁrst step
of the succinylase pathway for the synthesis of meso-diamino-
pimelate and the amino acid L-lysine. Inhibition of the synthesis
of meso-diaminopimelate, a component of peptidoglycan present
in the cell wall of bacteria, is a potential route for the develop-
ment of novel anti-bacterial agents. Here, we report the crystal
structure of the DapD tetrahydrodipicolinate N-succinyltrans-
ferase from Escherichia coli at 2.0 A˚ resolution. Comparison
of the structure with the homologous enzyme from Mycobacte-
rium bovis reveals the C-terminal helix undergoes a large rear-
rangement upon substrate binding, which contributes to
cooperativity in substrate binding.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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meso-Diaminopimelate (DAP), a component of peptidogly-
can, plays important role in the maintenance of bacterial cell
wall structural integrity. The three routes to synthesize meso-
diaminopimelate are the succinylase pathway [1], dehydroge-
nase pathway [2], and the acetylase pathway [3]. The central
route of the DAP/L-lysine pathway is the succinylase route
used by many microorganisms including gram-negative bacte-
ria, gram-positive cocci, blue-green algae, and higher plants.
The enzyme tetrahydrodipicolinate (THDP) N-succinyltrans-
ferase, product of the Escherichia coli dapD gene, catalyzes
the committed step of the succinylase route, which involves
the conversion of 2,3,4,5-tetrahydrodipicolinate (THDP) and
succinyl-CoA to N-succinyltetrahydrodipicolinate and coen-
zyme A (CoA). The enzyme displays sequential binding kinet-
ics with roughly a twofold enhancement of substrate binding in
the presence of succinyl-CoA [1].Abbreviations: THDP, 2,3,4,5-tetrahydrodipicolinate; DAP, diamino-
pimelate; LbH, left-handed parallel b-helix; CoA, coenzyme A; Tris,
tris(hydroxymethyl)aminomethane
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doi:10.1016/j.febslet.2008.01.032The crystal structure of THDP N-succinyltransferase from
Mycobacterium bovis at 2.2 A˚ resolution revealed a trimeric
structure with each protomer consisting of three domains: a
helical N-terminal domain, a b-sheet C-terminal domain and
a distinctive b-helix middle domain [4]. This unique domain
contains imperfect tandem-repeated hexapeptide motifs, [LIV]–
[GAED]–X2–[STAV]–X, which are shared by a number of
enzymes, mostly acyltransferases [4]. These motifs encode b-
strands, which fold into a triangular prism-shaped, left-handed
b-helix (LbH) [5]. Crystal structures with bound substrates and
CoA have identiﬁed the active site of enzyme as a long narrow
groove located at the interface between two left-handed paral-
lel b-helices (LbH) of the trimeric enzyme [6,7].
In this study, we present the crystal structure of THDP
N-succinyltransferase from E. coli at 2.0 A˚ resolution without
substrate and CoA. Comparison with the previous structure of
the apoenzyme from M. bovis reveals the C-terminus of the
E. coli enzyme is structured and forms an a-helix, which blocks
the CoA binding site. Upon binding CoA, this helix moves
20 A˚ to participate in substrate binding [6,7]. Together the
E. coli and M. bovis structures reveal the conformational
changes responsible for the cooperative binding of CoA and
substrate by the enzyme.2. Materials and methods
2.1. Protein expression, preparation, and puriﬁcation
THDP N-succinyltransferase from E. coli (residues 2–274) was
cloned into pFO4 vector, a derivative of pET15b vector (Amersham-
Pharmacia), and expressed in E. coli BL21 (DE3) in rich (LB) medium
as a fusion with the N-terminal uncleavable His-tag (MGSSHH-
HHHHGS). The fusion protein was puriﬁed by aﬃnity chromatogra-
phy on Ni2+-charged chelating sepharose resin and additionally
puriﬁed using size-exclusion chromatography.
2.2. Crystallization
Crystallization conditions were identiﬁed utilizing hanging drop
vapor diﬀusion with the JCSG+ crystallization suite (QIAGEN). The
best crystals were obtained by equilibrating a 1.0 ll drop of THDP
N-succinyltransferase (15 mg/ml) in 20 mM tris(hydroxymethyl)-
aminomethane (Tris)–HCl (pH 7.5), mixed with 1.0 ll of reservoir
solution containing 0.9 M tri-sodium citrate and 0.1 M Tris–HCl
(pH 8.0). Crystals grew in 7–10 days at 20 C. For data collection,
the crystals were picked up in a nylon loop and ﬂash cooled in a
N2 cold stream. The solution for cryoprotection contained the reser-
voir solution with addition of 20% (v/v) glycerol. The crystals con-
tain one THDP N-succinyltransferase subunit in the asymmetric unit
corresponding to Vm = 3.41 A˚
3 Da1 and a solvent content of 63.9%
[8].blished by Elsevier B.V. All rights reserved.
Table 1
Data collection and reﬁnement statistics
DapD
Data collection
Space group P63
Cell dimensions
a, b, c (A˚) 102.92, 102.92, 69.23
a, b, c () 90.00, 90.00, 120.00
Resolution (A˚) 50–2.0 (2.07–2.00)a
Rsym 0.114 (0.375)
I/rI 14.5 (6.0)
Completeness (%) 99.9 (100.0)
Redundancy 9.8 (9.1)
Reﬁnement
Resolution (A˚) 44.59–2.00
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Diﬀraction data from a single crystal of THDP N-succinyltransfer-
ase were collected on an ADSC Quantum-210 CCD detector (Area
Detector Systems Corp.) at beamline A1 at the Cornell High-Energy
Synchrotron Source (CHESS) (Table 1). Data processing and scaling
were performed with HKL2000 [9]. The structure was determined by
molecular replacement with Phaser [10], using the coordinates of
THDP N-succinyltransferase apoenzyme from M. bovis (PDB entry
1TDT). The initial model obtained from Phaser was completed and
adjusted with the program Xﬁt [11] and was improved by several cycles
of reﬁnement, using the program REFMAC 5.2. [12] and model reﬁt-
ting. At the latest stage of reﬁnement, we also applied the translation-
libration-screw (TLS) option [13]. The reﬁnement statistics are given in
Table 1. The ﬁnal model has good stereochemistry according to the
program PROCHECK [14]. The coordinates and structure factors
have been deposited in the RCSB Protein Data Bank (accession num-
ber 3BXY).No. reﬂections 26848
Rwork/Rfree 0.175/0.205
No. atoms 2294
Protein 2119
Water 185
B-factors
Protein 20.54
Water 38.10
R.m.s. deviations
Bond lengths (A˚) 0.014
Bond angles () 1.36
Ramachandran statistics (%)
Most favored regions 90.7
Additional allowed regions 9.3
aHighest resolution shell is shown in parentheses.3. Results and discussion
3.1. Structure
THDP N-succinyltransferase from E. coli was crystallized
and its structure determined at 2.0 A˚ resolution by molecular
replacement using the structure of the homologous (95%
identity) enzyme from M. bovis (PDB entry 1TDT). Out of
285 residues in the His-tag fusion protein, three residues
Gly262-Val264 from THDP N-succinyltransferase and seven
N-terminal residues from the cloning linker were missing
from the electron density map. Noteworthy, the N-terminal
His-tag assisted in crystallization, as ﬁve of the His-tag resi-
dues are ordered with some of them participating in crystal
contacts.Fig. 1. (A) Overlay between the crystal structures of THDP N-succinyltrans
magenta). Two orthogonal views are shown with the domains and N- and
showing the electron density for the hydrophobic residues at the interface
N-succinyltransferase. Figures are made with PyMOL (http://pymol.sourcefoThe structure contains four N-terminal a-helices ranging
from residues 1–17, 25–40, 57–69, and 95–101 with b-strand
hairpin loop structures between a2–a3 and a3–a4 (Fig. 1A).ferase protomers from E. coli (green) and M. bovis (PDB entry 1TDT;
C-termini labeled. (B) Composite omit map of the C-terminal helix
with the LbH domain. (C) Structure of the trimer of E. coli THDP
rge.net/).
Fig. 2. The C-terminal helix of the THDP N-succinyltransferase. (A)
Enlarged view of the interactions between the C-terminal helix and the
b-sheet domains from the same subunit (green) and adjacent subunit
(cyan). The side chains of interacting residues are shown and labeled.
(B) Sequence conservation of C-terminus from the proteins of THDP
N-succinyltransferase family. THDP N-succinyltransferase sequence
from E. coli (gi:16128159) is aligned with homologous proteins from
Mycobacterium bovis (gi:6014910), Haemophilus inﬂuenzae Rd KW20
(gi:30995463), Alteromonas macleodii (gi:88793834), Pseudoalteromon-
as tunicata D2 (gi:88857980), Chromobacterium violaceum ATCC
12472 (gi:34495905), Neisseria meningitidis MC58 (gi:15676250), and
Acinetobacter baumannii ATCC 17978 (gi:126642574). The helix
observed in THDP N-succinyltransferase from E. coli is indicated.
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LbH domain is a third domain consisting of b-strands, which
cap the C-terminal end of the LbH domain. Unexpectedly, the
structure also reveals a C-terminal a-helix (residues 265–271)
that was not observed in the M. bovis structure (Fig. 1B).
Superposition of two unliganded structures shows that the
structures are otherwise nearly identical with RMSD of
0.48 A˚ for backbone atoms of residues 2–256. Aside the C-ter-
minus, the most prominent diﬀerences are located in the loop
between two C-terminal b-strands and the N-terminal helix,
which adopts a slightly diﬀerent angle (Fig. 1A). These regions
are involved in crystal contacts arising between the helix a1 of
one subunit of the trimer with the C-terminal b-sheet cap of an
adjacent trimer.
While there is a single subunit in the asymmetric unit due to
the high-symmetry P63 space group, the trimer is easily assem-
bled via crystallographic threefold symmetry (Fig. 1C). As
described earlier [4], the main contributions to trimer forma-
tion come from the LbH and C-terminal b-sheet domains.
Interestingly, the narrow junction between the C-terminal
domains of the trimeric enzyme contains two ordered water
molecules shared by hydrophilic amino acid side chains from
each of the three subunits. The ﬁrst water molecule interacts
with side chains from Ser246, while the second water molecule
interacts with side chains from Asn237.
The C-terminal helix observed in the E. coli THDP N-succi-
nyltransferase structure is folded onto the same subunit with
numerous hydrophobic interactions: Ile266 with Phe183,
Leu270 with Val201 and Val234, Leu269 with Val256,
Val201, and Val232, and Ile273 with Val253 (Fig. 2A). The
helix has a strong amphipathic character and through its
hydrophilic surface makes contacts with residues Ser211 and
Arg213 from the LbH domain of the adjacent subunit and
crystal contacts with the N-terminus of another trimer. One
third of the surface of the helix is exposed to solvent.
Analysis of sequence conservation for the THDP N-succi-
nyltransferase family suggests that the C-terminal helix in the
E. coli enzyme structure is not an artifact of crystallization.
The residues comprising the helix are remarkably conserved
(Fig. 2B). The Leu269–Leu270 tandem is invariant across the
family, and Ile266 is highly conserved, only substituted by
leucine or valine. While the overall level of similarity in the
THDP N-succinyltransferase protein family is relatively high,
the C-termini are fairly divergent outside of residues 263–273.Fig. 3. Conformational change of the C-terminal region of THDP N-succi
pimelate bound state (B, PDB entry 1KGT). The C-terminal helix is colored
loops green. The adjoining subunit is colored gray. Succinyl-CoA and pimela
the disordered loop (dashed red line) forms an a-helix. The C-terminal helixTHDP N-succinyltransferase undergoes a signiﬁcant confor-
mational changes upon CoA and substrate binding (Fig. 3). In
the apo-structure (Fig 3A), the C-terminal helix blocks the
CoA binding site and engages many of residues such as
Ser211 that are involved in binding CoA. In the complex with
CoA and substrate, the C-terminus shifts and becomes more
ordered [6,7]. A key step is the electrostatic interaction of ly-
sine residues Lys259 and Lys263 with the pyrophosphate of
CoA. This displaces the C-terminal helix (residues 265–271),nyltransferase in the unliganded state (A) and the succinyl-CoA and
blue, other helices from the same subunit are red, b-sheets yellow and
te are shown as space-ﬁlling models. Upon CoA (light green) binding,
(dark blue) shifts and binds the substrate (light blue).
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other end of the LbH domain (Fig. 3B). Additional structural
changes occur in a ﬂexible loop (residues 166–175) of the LbH
domain which shifts to contact the substrate, helix a3 from the
N-terminal domain and the newly positioned C-terminal helix.
The dynamic nature of the C-terminal helix and preceding
loop (Val256-Arg261) is conﬁrmed by B-factors twice those
of more rigid elements in the apo-structure.
These structures provide a mechanistic explanation for pre-
vious kinetic studies that have shown that THDP N-succinyl-
transferase functions through the sequential binding of
succinyl-CoA and substrates, tetrahydrodipicolinate or L-2-
aminopimelate (L-2-AP). With increasing concentrations of
succinyl-CoA, the apparent Km for L-2-AP decreases 2.4-fold
[1]. This occurs since CoA binding releases the C-terminal helix
and promotes formation of the L-2-AP binding pocket. Con-
versely, L-2-AP binding recruits the C-terminal helix to its
alternative position (Fig. 3B) and increases the aﬃnity of the
enzyme for CoA binding [1].
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